but unable to utilize the intracellular inorganic carbon pool for photosynthesis was isolated. Transmission electron micrographs of the mutant indicated that the mutant does not have any carboxysomes. A clone (pHPG7) with a 7.5-kbp DNA insert that transforms the G7 mutant to the wild-type phenotype was isolated from a genomic library of wild-type Synechocystis sp. strain PCC6803. Complementation tests with subclones identified the mutation site in G7 within 208 bp. Sequencing of nucleotides in this region elucidated an open reading frame, designated ccmA, encoding a protein of 302 amino acids. Cloning and sequence analysis of the respective G7 gene revealed an A-to-G substitution that results in an Asp-to-Gly substitution in the deduced amino acid. The result indicated that the ccmA gene encodes a protein essential for the formation of carboxysomes. An open reading frame encoding a proline-rich protein of 271 amino acids was found downstream of the ccmA gene, but no cem-like genes or rbc operon was found in this region.
Carboxysomes are small polyhedral bodies present in cyanobacterial cells and have most of the cell's ribulose 1,5-bisphosphate carboxylase oxygenase (RuBisCO) activity (4) . They play an essential role in cyanobacterial photosynthesis. Cyanobacteria possess a C02-concentrating mechanism which involves active transport of inorganic carbon (Ci) driven by light energy (9, 10, 13, 18) . The C1 accumulated by the transport system enters the carboxysomes, where HCO3-is dehydrated to CO2 by catalysis with a low level of carbonic anhydrase (CA) activity and then fixed by RuBisCO. The significance of carboxysomes in cyanobacterial photosynthesis has been demonstrated by a number of studies. (i) High-CO2-requiring (HCR) mutants which possess a Ci transport activity but are unable to utilize the intracellular Ci for photosynthesis have been isolated from Synechococcus sp. strain PCC7942 (12, 23, 28) and Synechocystis sp. strain PCC6803 (17) . Transmission electron micrographs of a number of these mutants revealed rod-shaped carboxysomes or no detectable carboxysomes (7, 20) . Five genes (ccmK, ccmL, ccmM, ccmN, and ccmO) responsible for the HCR phenotype in the mutants have been isolated (7, 10, 12, 17, 23, 25, 28) . (ii) Mutants impaired in the icfA (ccaA) gene encoding carboxysomal CA are unable to utilize intracellular C, for photosynthesis (8, 32 Mutagenesis. The HCR mutant (G7) was isolated from Synechocystis sp. strain PCC6803 following mutagenesis with N-methyl-N'-nitro-N-nitrosoguanidine and ampicillin enrichment by a method described previously (14) .
Growth conditions. WT and mutant cells were grown at 30°C in BG11 medium (30) (3), and the WT cells of Synechocystis sp. strain PCC6803 were transformed with a plasmid containing the modified DNA fragment according to a method reported by Williams and Szalay (31) and described previously (15, 16) .
DNA manipulations. Unless otherwise stated, standard techniques were used for DNA manipulation (27) . Nucleotides were deleted from the cloned DNA fragment by using a deletion kit (Takara Co., Tokyo) which contains exonuclease III and mung bean nuclease. The number of nucleotides deleted was determined by sequencing the DNA fragment after the deletion. A fragment of the ccmA gene of G7 (335 bp) was amplified by PCR (26) with the genomic DNA of the mutant as the template and cloned into TA vector (Invitrogen, San Diego, Calif.) for sequencing. The nucleotide sequences were determined by using a DuPont DNA analysis system (Genesis 2000). Both strands were sequenced, and no ambiguities were found.
Nucleotide sequence accession number. The sequence reported in this paper has been deposited in the GenBank data base (accession no. D26444).
RESULTS AND DISCUSSION Growth responses to air and CO2 uptake activity. Growth rates of the G7 mutant and the WT cells were similar when the cultures were aerated with 3% CO2 in air ( Fig. 1A ; open circles). The mutant grew significantly more slowly in air than the WT (Fig. 1A; closed Fig. 2A , and a representative example of the G7 cells is shown in Fig.  2B .
Complementation of the G7 mutation. A clone that transforms the G7 mutant to the WT phenotype, pHPG7, contains a 7.5-kbp DNA insert (a restriction map is shown in Fig. 3 ). Several fragments obtained by digestion with XbaI and NheI were subcloned into pUC119 at the XbaI site. Complementation tests with the subclones indicated that the mutation site in G7 is located within 1.4 kbp between the XbaI and NheI sites on the left side of the map (Fig. 3) . A 6.8-kbp XbaI fragment was subcloned into pUC119, and nucleotides were deleted from the XbaI site on the left side. Deletion of 403 bp did not have any effect on the ability of the clone to complement the mutant, while further deletion of 208 bp led to loss of the complementing ability. This result identified the site of the mutation within the 208-bp stretch of nucleotides.
The nucleotide sequence within the mutation region is shown in Fig. 4 Sequence analysis of a ccmA fragment of the G7 mutant (346 bp from bases 335 to 680) revealed an A-to-G substitution at base 419 within the ccmA gene. This change resulted in an Asp-to-Gly substitution in the deduced amino acid sequence (Fig. 4) . The mutation was located within the region expected from the results of the complementation test.
Insertional inactivation of the ccmA gene. There exists an ORF (ORF125) in the complementary sequence (bases 581 to 195) which overlaps with a part of the ccmA sequence and covers the site of the G7 mutation (Fig. 3) . To confirm that the inactivation of the ccmA gene caused an HCR phenotype, the gene was inactivated by insertion of the Kmr cartridge at the BalI site which is within the ccmA gene but outside ORF125 (Fig. 3) (17) and showed that these genes are not located within the 22-kbp stretch upstream of rbcL. In Synechococcus sp. strain PCC7942, five cem genes (ccmK, -L, -M, -N, and -0) have been mapped in the 5'-flanking region of rbcL (7, 10, 25) . However, the present and previous results obtained for Synechocystis sp. strain PCC6803 suggest that the distance between the ccm genes and the rbc operon has no physiological significance.
The nucleotide sequence in the downstream region of the crn-A gene revealed another ORF (from bases 2187 to 1375 on the complementary sequence, ORF271) which encodes a protein of 271 amino acids with 50 proline residues (the deduced amino acid sequence is shown in Fig. 4) . Homology search by the computer program of Pearson and Lipman (21) indicated that the protein is homologous to the extensin precursor of maize (23.7% identity for a 173-amino-acid overlap). It appears plausible that the protein encoded by ORF271 is a constituent of the cell wall. No cem-like genes were present in this region or in the region upstream of the crnmA gene. It appears that the ccrnA gene is not clustered with other cem genes and that the transcript for crn-A is synthesized as a monocistronic mRNA. This can be clarified by Northern (RNA) analysis, which will be done in future.
Properties of a putative protein encoded by the ccmA gene. thy index of the protein, according to Kyte and Doolittle (11), indicated five hydrophobic domains (Fig. 5) . The amino acid sequence of this putative protein was subjected to a homology search by the computer program developed by Pearson and Lipman (21) , but no homologous genes were found in the data base. Carboxysome is composed of at least 12 structural proteins (24) , and the ccmA gene product could be one of them. Lack 
